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Edited by Beat ImhofAbstract Acyl-homoserine lactone (HSL) quorum sensing mol-
ecules play an important role in regulation of virulence gene
expression in Pseudomonas aeruginosa. Here, we show that
3O–C12–HSL can disrupt barrier integrity in human epithelial
Caco-2 cells as evidenced by decreased transepithelial electrical
resistance (TER), increased paracellular ﬂux, reduction in the
expression and distribution of ZO-1 and occludin, and reorgani-
zation of F-actin. P. aeruginosa 3O–C12–HSL activate p38 and
p42/44 kinases, and inhibition of these kinases partly prevented
3O–C12–HSL-induced changes in TER, paracellular ﬂux and
expression of occludin and ZO-1. These ﬁndings demonstrate
that P. aeruginosa 3O–C12–HSL can modulate tight junction
integrity of Caco-2 cells.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The intestinal epithelium forms a selective permeability bar-
rier between the lumen and the submucosa. It is maintained via
a complex of proteins composing the tight junctions (TJ) that
are located most apically on the lateral membranes. Epithelial
TJ consist of at least three types of transmembrane proteins,
i.e. occludin, claudin and junctional adhesion molecules, andAbbreviations: DMEM, Dulbecco’s modiﬁed Eagle’s medium; HSL,
acyl-homoserine lactone; 3O–C12–HSL, N-(3-oxododecanoyl)-L-hom-
oserine lactone; KRG, Krebs-Ringer glucose phosphate buﬀer; MA-
PK, mitogen-activated protein kinase; QS, quorum sensing; SEM,
scanning electron microscopy; TER, transepithelial electrical resis-
tance; TJ, tight junction; ZO-1, zonula occludens-1 protein
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doi:10.1016/j.febslet.2006.11.057an ensemble of cytoplasmic proteins. The transmembrane pro-
teins mediate cell–cell adhesion and constitute the intramem-
brane and paracellular barriers. The cytoplasmic proteins of
TJ comprise adaptor-proteins, e.g. the zonula occludens
(ZO) proteins, ZO-1, ZO-2 and ZO-3 [1,2]. Besides being con-
nected to the transmembrane proteins, ZO-1 is thought to help
recruit other cytosolic components to TJ, including the actin
cytoskeleton [3].
The TJ can be disrupted by a number of agents, including
microorganisms, toxins, immune cells, cytokines, and growth
factors [2]. These exogenous stimuli trigger distinct signaling
pathways, for example the mitogen-activated protein kinases
(MAPK) cascades, known to interfere with the junctional per-
meability in epithelial cells. The MAPK include the extracellu-
lar regulated protein kinases (ERK, or p42/44), c-Jun/N
terminal kinases and p38 [4,5]. In the complex milieu of the
gut, it is likely that a combination of factors may contribute
to barrier disruption.
Little is known about whether quorum sensing signaling
molecules aﬀect epithelial integrity. Quorum sensing (QS) is
a mechanism that primarily enables bacteria to regulate the
expression of certain genes in response to changes in cell-pop-
ulation density. Thus, they constitutively produce, release and
detect chemical signaling molecules, also called autoinducers.
When a threshold level of an autoinducer is achieved the group
of bacteria begins signaling and coordinates transcription of
QS-controlled genes [6–8].
The QS system of the opportunistic pathogen Pseudomonas
aeruginosa consists of two separate, but subordinated systems,
las and rhl. The LasI and RhlI synthases produce the autoin-
ducers, N-(3-oxododecanoyl)-L-homoserine lactone (3O–C12–
HSL) and N-butyryl-L-homoserine lactone (C4–HSL),
respectively. These molecules can bind to and activate their
cognate transcriptional regulators, LasR and RhlR. Hereby,
multiple genes are controlled and many of these are involved
in the virulence of the bacteria [8,9].
Thus, a signiﬁcant number of recent studies have evaluated
the use of autoinducers for communication between bacteria,
but the interactions of these signal molecules with host cells
have been studied less extensively [10–13].
In the present study, we investigated the inﬂuence of
3O–C12–HSL on the barrier function of cultured epithelial
Caco-2 cells, by studying the expression and structure of tight
junction proteins and actin ﬁlaments, and the potential
involvement of MAPK signaling pathways in 3O–C12–HSL-
induced alteration of TJ integrity.blished by Elsevier B.V. All rights reserved.
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2.1. Cell culture
Human epithelial Caco-2 cells (passages 84–95) were grown in Dul-
becco’s modiﬁed Eagle’s medium (DMEM) supplemented with 10%
heat-inactivated fetal calf serum, 100 U/ml penicillin, 100 lg/ml strep-
tomycin, 1% non-essential amino acids and 2 mM L-glutamine (Gibco
Invitrogen Corporation, UK) at 37 C in 5% CO2. Cells were passaged
weekly upon reaching 80% conﬂuence.
2.2. 3O–C12–HSL synthesis
3O–C12–HSL was synthesized by Prof. Peter Konradsson and co-
workers (Department of Organic Chemistry, University of Linko¨ping,
Sweden) as previously described [10]. These molecules are structurally
and functionally identical to those obtained from P. aeruginosa cul-
tures. The resulting 3O–C12–HSL was checked for identity and purity
by HPLC, and its activity as a quorum-sensing molecule was con-
ﬁrmed by the bioassay described earlier [14]. 3O–C12–HSL was dis-
solved in dimethylsulfoxide (DMSO) for the experiments.
2.3. Cell viability test
The viability of Caco-2 cells treated with 3O–C12–HSL was
determined by MTT method based on the measuring of mitochon-
drial respiration, assessed by the reduction of 3-(4,5 dimethylthiazol-
2yl)-2,5 diphenyl-tetrazolium bromide (Sigma, St. Louis, MO) to
formazan as described previously [15]. By this criterion, the cells re-
mained viable during the experimental period (data not shown in the
results).2.4. HSL reporter assay
For sensitive detection of 3O–C12–HSL added to Caco-2 cells, a bio-
luminescent Escherichia coli lux-based HSL biosensor termed E. coli
JM109 (pSB1075), which contains an intact lasR gene and the lasI pro-
moter from Photorhabdus luminescens was used [16]. By this criterion,
3O–C12–HSL was still present in cell supernatants during the experi-
mental period. The amount of 3O–C12–HSL remaining after 24-h
exposure was 88.9% (data not shown in the results).2.5. Transepithelial electrical resistance (TER) and paracellular ﬂux
The cells were seed at density 105 cells cm2 and cultured to a tight
monolayer on Transwell ﬁlters (3415, pore size 3 lm, Corning, NY),
maintained until stable TER was achieved and used 15–17 days later.
The TER of the cell monolayer was measured with an epithelial volt-
ohmmeter (World Precision Instruments, Sarasota, FL). Cells were
used only if their TER was above 500 X. Cells with stable TER were
treated with 100, 200 or 300 lM P. aeruginosa 3O–C12–HSL, or with
DMSO as diluent control that was added to both chambers. In the
p38 and p42/44 MAPK blocking experiments, cells were pretreated
with 20 lM SB203580 or 50 lM PD98059 (Calbiochem, Darmstadt,
Germany) for 2 h. To assess paracellular permeability, cell monolayers
on Transwell inserts were incubated under diﬀerent experimental con-
ditions in the presence of the paracellular ﬂux tracer 4 kDa or 10 kDa
ﬂuorescein isothiocyanate (FITC)-dextrans (Sigma). The tracers were
dissolved in Krebs-Ringer glucose phosphate buﬀer, pH 7.3 (KRG
[120 mM NaCl, 4.9 mM KCl, 1.2 mM MgSO4, 8.3 mM KH2PO4,
1 mM CaCl2, 10 mM glucose]) to 10 mg/ml. Subsequently, 200 ll of
FITC-dextran solution was added to the apical surface of the cell mon-
olayers. At given times, samples from apical and basal sides were taken
and placed in a black 96-well plate (Nunc, Roskilde, Denmark) and the
ﬂuorescence was measured with Hidex Chameleon plate reader (Tur-
ku, Finland) calibrated for excitation at 485 nm and emission at
538 nm.
2.6. Western blot analysis
Conﬂuent Caco-2 cells of 7–10 days’ age, growing on six-well tissue
culture plates, were treated with 200 lM C12–HSL or 0.6% DMSO, as
diluent control, for 15 min, 1, 2, 4, 5 or 24 h at 37 C in 5% CO2. In the
p38 and p42/44 MAPK blocking experiments, cells were pretreated
with 20 lM SB203580 or 50 lM PD98059 (Calbiochem, Darmstadt,
Germany) for 2 h and then with 200 lM 3O–C12–HSL for 2 h. Cells
were washed with PBS pH 7.6 and then lysed with a RIPA buﬀer
(1% NP-40, 1% deoxyholic acid sodium salt, 0.1% SDS, 150 mMNaCl,
10 mM Tris pH 7.4, 10 mM EDTA pH 8.0 dissolved in PBS) contain-ing phosphatase and protease inhibitors (1 mM phenyl–methyl–sulfo-
nyl–ﬂuoride, 1 mM Na3VaO4, 25 mM NaF, 1· Complete [Roche
Diagnostics, Mannheim, Germany]). Benzonase (MERCK, Darms-
tadt, Germany) was then added, followed by homogenization of the
cell suspension through a 21 Gauge needle. Samples were centrifuged
at 14000 rpm for 30 min at 4 C, and the supernatants were aliquoted
and kept at 70 C until analyzed. The protein concentration in cell
lysates was measured with the Bio-Rad DC protein assay (Bio-Rad
Laboratories, Hercules, CA). The average protein content was around
5000–7000 lg/ml. Whole-cell lysates were diluted in Laemmli sample
buﬀer at equal protein concentrations and heated for 5 min at 95 C.
The samples were loaded on 4–12% SDS–polyacrylamide gels (Camb-
rex, Rockland, ME). After separation, proteins were electrophoreti-
cally transferred to a PVDF membrane (Millipore, Bedford, MA).
The quality of the transfer was monitored by Ponceau S staining.
Non-speciﬁc binding was blocked by 1 h incubation at room tempera-
ture in 5% non-fat milk in PBS pH 7.6, containing 0.18% Tween 20.
The anti-phospho-p38 MAPK, anti-p38 MAPK, anti-phospho-p42/
44 MAPK, anti-p42/44 MAPK (Cell Signaling Technology, Beverly,
MA), diluted 1:2000 in blocking buﬀer were added to the membrane
and incubated overnight at 4 C. The anti-ZO-1 and anti-occludin anti-
bodies (Zymed Laboratories, San Francisco, CA), diluted 1:1000 in
blocking buﬀer were added to the membrane and incubated 1 h at
room temperature. After washing, membranes were incubated further
with a 1:2000 dilution of horseradish peroxidase (HRP)-conjungated
secondary antibody (DAKO, Glostrup, Denmark) for 1 h at room
temperature. The washing procedure was repeated, and immunoreac-
tive bands were visualized with Super Signal West Pico chemilumines-
cent substrate (Pierce Biotechnology, Rockford, IL), according to the
manufacturer’s instructions. When necessary, blots were stripped by
incubation in 0.3 M glycine pH 2.9 (Amersham Bioscience, Piscata-
way, NJ) for 1 h at room temperature prior to being re-probed with
a diﬀerent antibody, as above.2.7. Fluorescence staining and confocal microscopy
Caco-2 monolayers aged 10–12 days on glass 13 mm-diameter cov-
erslips were exposed to 200 lM 3O–C12–HSL or 0.6% DMSO for 2,
4 or 24 h. The cells were washed with KRG and pretreated with
0.2% Triton X-100 (Sigma) in KRG for 2 min on ice. Then the samples
were ﬁxed in 2.5% paraformaldehyde (Sigma) in PBS pH 7.3 for
20 min at room temperature. The pretreatment with 0.2% Triton X-
100 was important for a clear labelling of occludin and ZO-1. After
washing with PBS cells were further permeabilized in 0.05% Triton
X-100 in PBS for 5 min on ice. Non-speciﬁc background was blocked
for 10 min in PBS containing 1% BSA and 10 mM glycine. The wash-
ing procedure was repeated, and rabbit anti-occludin or rabbit anti-
ZO-1 antibodies (Zymed Laboratories, San Francisco, CA), diluted
1:100 in blocking buﬀer were then applied for 1 h at 37 C in a moist
chamber. After washing, Alexa 594-conjugated goat anti-rabbit anti-
bodies (Molecular Probes, Leiden, The Netherlands) were added and
incubated for 1 h at 37 C in a moist dark chamber. To detect F-actin,
ﬁxed and permeabilized cells were stained with rhodamine-labeled
phalloidin (Molecular Probes), diluted 1:30 in PBS from 300 U stock
solution for 45 min at 37 C in a moist dark chamber. Finally, cover-
slips were washed in PBS and mounted on glass microscope slides in
ProLong Gold antifade reagent (Molecular Probes). The specimens
were examined in a confocal microscope (Sarastro 2000, Molecular
Dynamics, Sunnyvale, CA) using a 60· oil immersion objective
(numerical aperture = 1.4). For ﬂuorescence activation, all lines of
the argon laser were used in combination with a total laser power of
1 mW, dicroic beam splitter 535 DRLP, barrier ﬁlter 600 EFLP and
PM-tube at voltage 850 V.2.8. Scanning electron microscopy (SEM)
Caco-2 cells aged 10–12 days were grown to conﬂuence on glass cov-
erslips in 24-well tissue culture plates and then treated with 200 lM
3O–C12–HSL or 0.6% DMSO for 2 h. They were further washed twice
with PBS pH 7.3, ﬁxed in 2% glutaraldehyde in 0.1 M sodium cacodyl-
ate buﬀer at 4 C overnight, and then in 1% OsO4 in 0.1 M sodium cac-
odylate buﬀer for 2 h. Dehydratation was done in ethanol and liquid
CO2 in a Polaron E3000 critical point apparatus and followed by
mounting with conducing carbon paint on metal stubs. These were
sputter-coated with a 10-nm layer of platinum using a planar magne-
tron sputter coater installed in an Edwards E12E vacuum evaporator.
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2.9. Statistical methods
Statistical analyses were carried out on the results from measure-
ment of TER and ﬂux of FITC-dextrans by calculating means and
standard deviations. The signiﬁcance of diﬀerences between control
and experimental groups was evaluated with the Student’s t-test. A
P-value of less than 0.05 was considered signiﬁcant.6
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3.1. 3O–C12–HSL decreases transepithelial electrical resistance
(TER) of Caco-2 cells
Treatment of the Caco-2 monolayers with 200 and 300 lM
3O–C12–HSL for 1 h led to a signiﬁcant reduction of TER to
84.9% and 83.2% of the control value, respectively (Fig. 1).
A lower concentration of 3O–C12–HSL, 100 lM, also caused
a signiﬁcant decrease in TER to 76.1% but only after a 2-h
treatment (Fig. 1). A further decrease was achieved by a pro-
longed incubation with 300 lM 3O–C12–HSL with a greatest
signiﬁcant reduction of TER to 56.2% of the control value
after 4 h. Caco-2 monolayers treated with 100 lM and
200 lM 3O–C12–HSL had their minimum TER values after
3 h (73.4% and 68.9% of the control value, respectively). The
eﬀects were reversible as TER returned to baseline levels after
24-h incubation. The results indicate that P. aeruginosa 3O–
C12–HSL can aﬀect integrity of Caco-2 cells and decrease their
TER in a dose- and time-dependent manner.
3.2. 3O–C12–HSL increase the paracellular passage of FITC-
dextrans in Caco-2 cells
To further analyze the eﬀect of 3O–C12–HSL on epithelial
integrity, we studied the passage of diﬀerent-sized ﬂuorescent250
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Fig. 1. 3O–C12–HSL decreases TER in human Caco-2 cell mono-
layers. The ﬁgure shows TER of untreated cells, cells treated with 0.6%
DMSO as diluent control, or with 100, 200 or 300 lM Pseudomonas
aeruginosa 3O–C12–HSL, which was added to both chambers. The
data are from one of six representative experiments. Results represent
an average of six ﬁlters per time point and are expressed as the
means ± S.D. Points labelled with an asterisk represent values that are
signiﬁcantly (P < 0.05 in a Student’s t-test) diﬀerent than the ones
obtained in the control group.dextrans (4 and 10 kDa) across Caco-2 monolayers. As shown
in Fig. 2, the FITC-dextrans were transported from the apical
side to the basolateral side signiﬁcant more rapidly across
200 lM 3O–C12–HSL-treated monolayers than across control
ones. This signiﬁcant diﬀerence was found already after 2 h
and continued through out the 5-h study period. Selectivity to-
wards diﬀerent-size FITC-dextran molecules was observed in
the kinetics, since 4 kDa-dextran reached a steady state earlier
than 10 kDa-dextran.
3.3. 3O–C12–HSL causes a reorganization of F-actin and
disruption of cell–cell adherence in Caco-2 cell monolayers
To examine morphological changes in 3O–C12–HSL-treated
Caco-2 cell monolayers, we used scanning electron microscopy
(SEM). We found a clear morphological eﬀect already after 2-
h incubation with 200 lM 3O–C12–HSL. The microvilli were
unaﬀected, but the cells separated from neighbouring cells
(Fig. 3A). In parallel, we saw a dramatic decrease in F-actin
of Caco-2 cell monolayers, as assessed by ﬂuorescence staining
and confocal microscopy (Fig. 3B). These results are in agree-
ment with the general concept, that the actin cytoskeleton is
essential for the formation and maintenance of TJ of host cells,
as well as for the barrier function of polarized epithelial cells,
like Caco-2.0
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Fig. 2. (A) 3O–C12–HSL increases paracellular ﬂux of 4 kDa FITC-
dextrans. The cells monolayers were either untreated, or incubated
with 0.6% DMSO as diluent control, or with 200 lM Pseudomonas
aeruginosa 3O–C12–HSL, which was added to both chambers. (B) 3O–
C12–HSL increases paracellular ﬂux of 10 kDa FITC-dextrans. Cells
were treated, as described in (A). The data are from one of the six
representative experiments. Results represent an average of six ﬁlters
per time point and are expressed as the means ± S.D. Bars labelled
with an asterisk represent values that are signiﬁcantly (P < 0.05 in a
Student’s t-test) bigger than the ones obtained in the control group.
Fig. 3. (A) Disruption of the close apposition of the Caco-2 cells after
treatment with 3O–C12–HSL, as examined by scanning electron
microscopy. Cells were either untreated (Caco-2) or stimulated for
2 h with 200 lM Pseudomonas aeruginosa 3O–C12–HSL (HSL) and
0.6% DMSO as diluent control (DMSO); bar = 10 lm. (B) Eﬀect of
3O–C12–HSL on the organization of the actin cytoskeleton in Caco-2
cells. Cells were treated, as described in (A); bar = 2 lm. The data on
these ﬁgures are from one of the three representative experiments.
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occludin
Since both permeability barrier and F-actin were aﬀected by
3O–C12–HSL, we hypothesized that TJ proteins could also be
aﬀected, and therefore assessed the expression of proteins asso-
ciated with TJ. Occludin and ZO-1 were analyzed by immuno-
blot (Fig. 4). Treatment of the cells with 200 lM 3O–C12–HSLZO-1
1 2 4Time (h)
Occludin
3O-C12-HSL
5 24
+ + + + +-
Fig. 4. Expression of tight junction-associated proteins in Caco-2 cells
after incubation with 3O–C12–HSL. Cells were stimulated with 200 lM
Pseudomonas aeruginosa 3O–C12–HSL for 1, 2, 4, 5 or 24 h. In control
experiments, cells were either untreated or incubated with 0.6% DMSO
as diluent control (0.6% DMSO has no eﬀect on the expression of ZO-
1 and occludin and these bands not shown in the ﬁgures). Total cell
extracts were analyzed in ZO-1 (upper bar) and occludin (lower bar)
speciﬁc Western blots. The data are from one of the three represen-
tative experiments.for 2, 4 and 5 h resulted in time-dependent decline in ZO-1 and
occludin content compared with control levels. Interestingly,
that the eﬀect of 3O–C12–HSL was reversible, as the expression
levels of both ZO-1 and occludin began to return back after 5-
h treatment and were near the control levels after 24-h treat-
ment. Control cell monolayers were either untreated or treated
with 0.6% DMSO, as diluent control. The DMSO vehicle had
no eﬀect on the expression of ZO-1 and occludin and these
bands are not shown in the ﬁgures. These results correlate with
the decrease in TER (Fig. 1) and the increase in paracellular
dextran ﬂuxes (Fig. 2) in Caco-2 cells treated with 3O–C12–
HSL.3.5. Eﬀects of 3O–C12–HSL on the distribution of occludin and
ZO-1
The localization of the TJ associated proteins ZO-1 and
occludin in the Caco-2 cells were analyzed by immunoﬂuores-
cence and confocal imaging (Fig. 5). Incubation with 200 lM
3O–C12–HSL for 2 and 4 h induced a signiﬁcant decrease in
TJ-associated protein ZO-1. Some cells in the monolayers were
apparently more aﬀected than others and showed a complete
lack of ZO-1 in the junctional area. Interestingly, when we
analyzed the localization of occludin, we found only minor
reduction in distribution of this protein after 2-h incubation
with 200 lM 3O–C12–HSL and more eﬀect after 4-h treatment.
The distribution of ZO-1 and occludin normalised after 24-h
treatment with 200 lM 3O–C12–HSL and was similar to that
in the control cells.3.6. 3O–C12–HSL activates p38 and p42/44 MAPK in Caco-2
cells
In order to establish whether 3O–C12–HSL aﬀects the p38
MAPK pathway in Caco-2 cells, we conducted Western immu-
noblot experiments. Treatment of Caco-2 cell monolayers with
200 lM 3O–C12–HSL for 15 min or 1 h resulted in rapid and
strong activation of p38 and p42/44 MAPK (Fig. 6A). More-
over, selective inhibition of the p38 or p42/44 MAPK pathway
with 20 lM SB203580 and 50 lM PD98059, respectively, re-
duced the 3O–C12–HSL-induced activation (Fig. 6B, C). These
ﬁndings demonstrate that P. aeruginosa 3O–C12–HSL is a po-
tent activator of MAPK in human Caco-2 cells, and that phos-
phorylation of MAPK forms the basis of an early intracellular
response to the P. aeruginosa quorum sensing molecule 3O–
C12–HSL.3.7. Inhibition of p38 and p42/44 MAPK partly blocks 3O–C12–
HSL-induced changes in TER and paracellular ﬂux
We next examined whether inhibition of p38 and p42/44
MAPK inﬂuenced the TER and paracellular pathway in 3O–
C12–HSL-treated Caco-2 cells. Cells monolayers were thus
pre-treated with 20 lM SB203580 or 50 lM PD98059 (p38
and p42/44 MAPK inhibitor, respectively) for 2 h and then
with 200 lM of 3O–C12–HSL for 4 h. We found indeed, that
these inhibitors partly prevented the 3O–C12–HSL-induced de-
crease in TER. Treatment with inhibitors in combination with
200 lM 3O–C12–HSL led to signiﬁcant alteration of both TER
(Fig. 7A) and paracellular ﬂux (Fig. 7B) compared with values
for monolayers incubated only with 3O–C12–HSL. These ﬁnd-
ings suggest that MAPK pathways play important roles in 3O–
C12–HSL-induced down-regulation of TER and increased
paracellular ﬂux in Caco-2 monolayers.
Fig. 5. The eﬀects of 3O–C12–HSL on the tight junction-associated
proteins ZO-1 and occludin in human Caco-2 cells. The cells
monolayers were either untreated (Caco-2), or incubated for 2, 4 or
24 h with 200 lM Pseudomonas aeruginosa 3O–C12–HSL (HSL) or
0.6% DMSO as diluent control (DMSO). Immunoﬂuorescence stain-
ing was performed with antibodies against ZO-1 and occludin and the
arrangement of the proteins was analyzed by confocal laser scanning
microscopy; bar = 5 lm. The data are from one of the three represen-
tative experiments.
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Fig. 6. (A) 3O–C12–HSL activates the p38 kinase pathway in human
Caco-2 cells. The cells monolayers were stimulated with either 200 lM
3O–C12–HSL or 0.6% DMSO (diluent control) for 15 and 60 min.
Total cellular protein extracts were analyzed in phospho-p38 or
phospho-p42/44 speciﬁc Western blots. Then, the same blots were
stripped and reanalyzed with antibodies against total p38 or total p42/
44 kinase. (B) Eﬀect of inhibitor SB203580 on the activation of the p38
kinase in 3O–C12–HSL-treated human Caco-2 cells. The cells mono-
layers were pre-treated with 20 lM p38 kinase inhibitor SB203580 for
2 h and/or 200 lM 3O–C12–HSL for 1 h. In control experiments, cells
were pre-treated with 0.6% or 1% DMSO (diluent controls). (C) Eﬀect
of inhibitor PD98059 on the activation of the p42/44 kinase in 3O–
C12–HSL-treated human Caco-2 cells. The cell monolayers were
pretreated with 50 lM p42/44 kinase inhibitor PD98059 for 2 h and/or
200 lM 3O–C12–HSL for 1 h. In control experiments, cells were pre-
treated with 0.6% or 1% DMSO (diluent controls). The data are from
one of the three representative experiments.
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induced changes in the expression of ZO-1 and occludin
We further tested the inﬂuence of p38 and p42/44 MAPK
inhibitors, SB203580 and PD98059, respectively, on the
expression of TJ proteins in 3O–C12–HSL-treated Caco-2 cells.
Occludin and ZO-1 were analyzed by immunoblot. As shown
in Fig. 8, 20 lM SB203580 and 50 lM PD98059 signiﬁcantlyincreased and normalized the expression level of ZO-1 and
occludin in 200 lM 3O–C12–HSL-treated monolayer. This
strongly suggest that p38 and p42/44 MAPK were at least
partly responsible for the eﬀect of 3O–C12–HSL on ZO-1
and occludin expression in Caco-2 cells.4. Discussion
P. aeruginosa may act as a pathogen in the gastrointestinal
tract, causing altered epithelial barrier function and host dis-
ease. However, multiple factors, such as the intestinal microen-
vironment and diﬀerent bacterial virulence factors, can
contribute to a permeability defect [17,18]. It has been demon-
strated that quorum sensing molecules can be detected in the
sputum from P. aeruginosa-colonized cystic ﬁbrosis patients
and in bioﬁlms [19,20].
Little is, however, known about the eﬀect of P. aeruginosa
3O–C12–HSL on human epithelial cells integrity. We hypoth-
esised that this bacterial product may be a factor inﬂuencing
barrier function in epithelial cells and therefore investigated
AB
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Fig. 7. (A) Eﬀect of the p38 and p42/44 kinase inhibitors on TER in
3O–C12–HSL-treated human Caco-2 cells. The bars show TER level in
untreated cells (Caco-2), treated with 0.6% DMSO as diluent control
(DMSO), 20 lM p38 kinase inhibitor SB203580 for 2 h (SB), 50 lM
p42/44 kinase inhibitor PD98059 for 2 h (PD), 200 lM 3O–C12–HSL
(HSL) for 4 h, 200 lM 3O–C12–HSL in combination with pretreat-
ment with 20 lM SB203580 for 2 h (SB + HSL), 200 lM 3O–C12–HSL
in combination with pretreatment with 50 lM PD98059 for 2 h
(PD + HSL), or 200 lM 3O–C12–HSL in combination with pretreat-
ment with both inhibitors (PD + SB + HSL). (B) Eﬀect of the p38 and
p42/44 kinase inhibitors on paracellular pathway of 10 kDa FITC-
dextran in 3O–C12–HSL-treated Caco-2 cells. Monolayers were
treated, as described in (A). The data for these ﬁgures are from one
of the six representative experiments and are means ± S.D. based on
six ﬁlters for each condition. Bars labelled with an asterisk represent
values that are signiﬁcantly (P < 0.05 in a Student’s t-test) diﬀerent
than the ones obtained in the control group.
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Fig. 8. Eﬀect of the p38 and p42/44 kinase inhibitors on the expression
of ZO-1 and occludin in 3O–C12–HSL-treated human Caco-2 cells.
Cells were pretreated with 20 lM p38 kinase inhibitor SB203580 or
50 lM p42/44 kinase inhibitor PD98059 for 2 h and /or 200 lM
Pseudomonas aeruginosa 3O–C12–HSL for 2 h. In control experiments,
cells were either untreated or incubated with DMSO vehicle. Total cell
extracts were analyzed in ZO-1 (upper bar) and occludin (lower bar)
speciﬁc Western blots. The data are from one of the three represen-
tative experiments.
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tin organization, expression and localization of TJ proteins
ZO-1 and occludin, as well as activation of MAPK signaling
pathway.
We could thus demonstrate that P. aeruginosa 3O–C12–HSL
alters the barrier function in Caco-2 cell monolayers. This sys-tem is thought to be a useful model of human intestinal epithe-
lia for the evaluation of inﬂuences of various phenotypes of
P. aeruginosa [21]. The permeability, as measured by TER,
increased signiﬁcantly after treatment with 200 and 300 lM
3O–C12–HSL for 1 h and reached a minimum at 3 and 4 h,
respectively. A lower concentration of 3O–C12–HSL (100 lM
3O–C12–HSL) led to signiﬁcant increase of permeability ﬁrst
after 2-h treatment and a maximum eﬀect was achieved at
3 h. The eﬀect of 3O–C12–HSL was reversible, as TER of
Caco-2 cells returned to baseline after 24 h. Thus, the inﬂuence
of 3O–C12–HSL on Caco-2 cells permeability depends both on
concentration and time of exposure.
Since TER is an instantaneous measurement and reﬂects
permeability at a given point of time, we decided to conﬁrm
the eﬀect of 3O–C12–HSL by looking at its inﬂuence on the
permeation of paracellular tracers, 4 and 10 kDa FITC-dex-
trans. The paracellular ﬂux is the indicator for the permeability
over a period of time. We thus conﬁrmed the ability of 3O–
C12–HSL to impair the barrier function in Caco-2 cell mono-
layers. Indeed, after 2-h period of time, FITC-dextrans had
translocated from the apical side to the basolateral side signif-
icant more rapidly in 200 lM 3O–C12–HSL-treated monolay-
ers than in control ones. Thus, we believe that P. aeruginosa
3O–C12–HSL alter epithelial barrier properties.
Incidentally, the concentrations of autoinducer needed to
achieve this eﬀect in Caco-2 cells are lower than the level what
has previously been measured in P. aeruginosa bioﬁlms. Quo-
rum sensing molecule 3O–C12–HSL can be detected in bioﬁlms
and reach concentrations up to 300–600 lM [20]. Because quo-
rum-sensing signaling molecules can freely diﬀuse out of the
bacteria and be traﬃcked into membrane vesicles within a pop-
ulation [22], they may also directly interact with neighboring
host cells. Several studies have shown that 3O–C12–HSL can
aﬀect diﬀerent host cells, including ﬁbroblasts and epithelial
cells [12,13] and classic immune cells [10,11].
It should be noted also that P. aeruginosa and its diﬀerent
antigens such as surface lectins and LPS are known to aﬀect
permeability in epithelial cells. Thus, live P. aeruginosa and
its lectin resulted in increased paracellular permeability and
disruption of ZO-1, ZO-2 and occludin in human Caco-2 cells
[23]. P. aeruginosa LPS also induced disruption of the epithe-
lial barrier and a decrease in the levels of ZO-1 and ZO-2 in
rat corneal epithelial cells [24]. Here, in our present study,
we show that 3O–C12–HSL, in addition to other P. aeruginosa
products, may also directly alter epithelial barrier properties.
E. Vikstro¨m et al. / FEBS Letters 580 (2006) 6921–6928 6927The scanning electron microscopy showed that P. aeruginosa
autoinducer 3O–C12–HSL can interfere with the normal close
apposition of Caco-2 cells after a short time of exposure, i.e.
after 2-h incubation with 200 lM 3O–C12–HSL.
Since both paracellular permeability and morphology were
changed by 3O–C12–HSL challenge, we hypothesized that TJ
proteins and F-actin should also have been aﬀected. To inves-
tigate this issue we used Western immunoblotting and ﬂuores-
cence with confocal microscopy. Our data clearly show that
3O–C12–HSL resulted in F-actin reorganisation and down-reg-
ulation of ZO-1 and occludin expression and distribution in
Caco-2 monolayes. Interestingly, that the eﬀect of 3O–C12–
HSL was reversible as the expression level of ZO-1 and occlu-
din began to return back to normal after 5-h treatment and
were near to the control levels after 24-h treatment. This pat-
tern of Caco-2 cells response to 3O–C12–HSL is similar to that
observed in our TER and ﬂux experiments. The biochemical
properties of the ZO-1 protein suggest that it may serve to
build the TJ complex by recruiting not only membrane pro-
teins, such as occludin and/or claudins, to the cell–cell contact
sites but also by connecting it to the actin cytoskeleton [3].
Thus, loss of ZO-1 would result in a disorganized contact with
occludin and actin cytoskeleton.
Thus, the eﬀect of 3O–C12–HSL on the paracellular perme-
ability and organization of the TJ in epithelial Caco-2 cells de-
pends both on concentration and time of exposure and is
furthermore reversible. It remains to be shown whether
Caco-2 cells can degrade or metabolite the autoinducers to
achieve the reversibility of eﬀect. Certain bacteria, marine
algae, higher plants, and human airway epithelial cells have
been shown to have distinct mechanisms for disrupting HSL-
based cell signaling [25–29]. Using a bioluminescent E. coli
lux-based HSL biosensor termed E. coli JM109, we tested
whether Caco-2 cells could inactivate P. aeruginosa 3O–C12–
HSL. We observed that autoinducer was still present in cell
supernatants during experimental period. However, the
amount of 3O–C12–HSL remaining after 24-h exposure was
88.9% (data not shown in the ﬁgures). We think that this par-
tial inactivation of 3O–C12–HSL by Caco-2 cells can explain
transient and reversible eﬀect of autoinducer on the paracellu-
lar permeability and the organization of TJ. Caco-2 cells that
are derived from human colon and continuously come in con-
tact with bacteria probably developed their ability to partly
inactivate bacterial signal molecules in order to defence host
against bacterial infections.
Regarding host cell activation, we provide evidence that 3O–
C12–HSL activates the p38 and p42/44 MAPK cascades in hu-
man Caco-2 cells. Interestingly, phosphorylation was detected
already after a 15-min treatment with 200 lM 3O–C12–HSL.
Recently, we have reported that 3O–C12–HSL activates p38
MAPK in human monocyte-derived macrophages and this
activation was associated with 3O–C12–HSL-induced increase
in their phagocytic activity [30]. However, contradictory ﬁnd-
ings have also been reported. For example, P. aeruginosa
3O–C12–HSL can lead to rapid activation of p42/44 and NF-
jB, but not p38 MAPK pathway in lung ﬁbroblast and airway
epithelial cells [12,13]. These ﬁndings demonstrate that 3O–
C12–HSL can distinctly modulate signalling cascades in diﬀer-
ent cells types.
It was proposed recently, that the translational regulation of
pro-inﬂammatory cytokine production in epithelial cells can be
also regulated by p38 MAPK pathway [31]. These cytokinescan inﬂuence TJ structure and disrupt barrier integrity [2]
and thus indirectly contribute to 3O–C12–HSL-induced in-
crease in permeability.
Moreover, we show here that pretreatment of Caco-2 cells
with selective inhibitors of p38 and p42/44 MAPK at least
partly prevented 3O–C12–HSL-induced changes in paracellular
permeability reduction of the levels of TJ proteins ZO-1 and
occludin. These ﬁndings clearly suggest that MAPK cascades,
at least in part, are involved in the regulation of junctional per-
meability in Caco-2 cells. This is supported by several recent
observations, when studying other cells under diﬀerent condi-
tions. Thus, the dynamics of TJ and expression of ZO-1 in Ser-
toli cells, which constitute the blood–testis barrier, were
regulated via the p38 MAPK pathway [32]. Oncogenic Raf-
1-transformed parental hepatic mouse cells displayed altered
distribution of ZO-1 and F-actin through p38 kinase [33].
Also, p38 MAPK activity was involved in oxidant-mediated
changes in permeability and structure of ZO-1 and actin cyto-
skeleton in human umbilical vein endothelial cells [34]. All
these studies, as well as our present ﬁndings, strengthen the
proposal that MAPK plays a crucial role in the regulation of
TJ integrity.
In conclusion, we have shown that P. aeruginosa 3O–C12–
HSL induces disruption of epithelial barrier integrity in
Caco-2 cells. This eﬀect is at least in part mediated by p38
and p42/44 MAPK pathways. Because changes in TJ may be
an early event that leads to destruction and dysfunction of epi-
thelia during P. aeruginosa infection, our study should increase
understanding of pathogenesis of intestinal tract infections.
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